Tetraclita japonica is a common barnacle in Hong Kong, occupying a wide vertical zonation on exposed to semi-exposed shores. The length of the exopodite of cirri IV-VI of T. japonica varied with different degrees of wave exposure and tidal levels. Barnacles on exposed shores had shorter cirri than those on semi-exposed ones. Barnacles at the low intertidal also had shorter cirri than those at the high intertidal zone. Differences in desiccation and heat stress, the length of the immersion period for feeding, and predation pressure along the tidal gradient may be additional factors affecting the cirral length of T. japonica. Compared with Balanus glandula in temperate waters, the proportional difference in the cirral length of T. japonica between wave-extreme locations is much smaller (4%) than that of B. glandula (80%). Differing from B. glandula, which actively beat their cirri to feed, T. japonica exhibits prolonged extension of the cirri for feeding, which may not favour long cirri even on semi-exposed shores. Barnacles with different cirral activities, therefore, appear to have different degrees of cirral responses to environmental stimulus.
Barnacles are sessile suspension feeders, extending their feeding appendages (cirri) to capture food items in the water column (Anderson, 1994) . Feeding efficiency will be dependent on water flow rate in the environment, particle flux, and cirri length (Crisp and MacLean, 1990) . Individuals with longer cirri will have a larger net area to capture food but, on the other hand, will suffer from the greater risk of the cirri being eaten by predators (e.g. fishes; Barnes, 1999) and being bent by wave action (Anderson, 1994) . Cirral lengths appears to be modified according to the degree of wave exposure and levels of food abundance. Balanus glandula Darwin, 1854, Chthamalus dalli Pilsbry, 1916, Semibalanus cariosus Pallas, 1788, and Pollicipes polymerus Sowerby, 1833, for example, have longer cirri at sheltered shores than at exposed shores (Arsenault et al., 2001; Marchinko and Palmer, 2003) . Transplantation of B. glandula from exposed to sheltered shores resulted in an increase in cirral length, suggesting the change in cirral length is phenotypic plasticity (Marchinko, 2003) . At present, studies on the phenotypic plasticity of barnacle cirral length, however, have only been conducted on a few temperate species, with most studies focused on wave exposure as the environmental stimulus. Barnacles living at different tidal levels will be vulnerable to gradients of heat and desiccation stress, length of immersion time for feeding, and predation pressure. Barnacles may, therefore, modify their cirral length in response to the tidal gradient as well as to wave exposure. Barnacles also exhibit different types of feeding activities (see Anderson, 1994) . Most previous studies on the effect of wave exposure on barnacle cirral length are based on Balanus and Chthamalus species that actively beat their cirri for feeding (Marchinko and Palmer, 2003) . Pollicipes polymerus, which has prolonged extension of cirri for feeding appeared to have a lower cirral length response to different degrees of exposure (Marchinko and Palmer, 2003) . In order to derive a generalized pattern of phenotypic plasticity of barnacle in terms of cirral length, studies should include more species and multiple environmental factors.
In the tropical intertidal (e.g., Hong Kong), Tetraclita japonica Pilsbry, 1916, is an appropriate species to study the phenotypic plasticity of cirral length, as it is abundant in both semi-exposed and exposed shores (Chan 2001 (Chan , 2003 Chan et al., 2001) and occupies a wide vertical zonation (Chan et al., 2001) . Tetraclita japonica has six pairs of feeding appendages of which the first three are maxillipeds that manipulate the captured food to the mouth. The fourth to sixth pairs (cirri IV-VI) extend out of the parietes, forming the cirral net to capture food from the water column (Hunt and Alexander, 1991) . In summer, T. japonica cyprids settle across a wide vertical range on the shore when the rock surface temperature can be up to 408C on calm days with low spring tides (Williams and Morritt, 1995; Chan and Williams, 2003) . Heat and desiccation stress are the major factors causing post-settlement mortality of T. japonica at their upper limit (Chan and Williams, 2003) . Therefore, wave exposure and tidal gradient can be hypothesized to affect cirral length in T. japonica. The objective of the present study was to investigate the effects of tidal levels and wave exposure on the length of cirri IV-VI of T. japonica in Hong Kong.
MATERIALS AND METHODS
The Hong Kong intertidal is governed by predominantly semi-diurnal tides with a maximum range of ;2.5 metres. Rocky shores experience strong seasonal variations, with a hot and wet summer (April-September, mean air temperature 288C) and a cold and dry winter (October-March, mean air temperature 158C; see Kaehler and Williams, 1996; Morton et al., 1996) . Sampling of T. japonica was conducted during September-October 2003 under a hierarchical sampling design. Three sites each at exposed (Shek O, Big Wave Bay, and Chung Hum Kok) and semi-exposed shores (Middle Bay, Stanley, and Wah Fu; Fig. 1 ; see Chan et al., 2001 for detailed descriptions of the shores) were selected in the southern waters of Hong Kong Island. These sites support a high density of T. japonica and have similar salinity and inshore seawater temperatures (Chan et al., 2001) . Exposure was classified according to the types of biological assemblages present, following Hutchinson and Williams (2001) . At each site, a 10 metre stretch of shoreline was chosen. At each shore, 20 T. japonica (size range 20-23 mm rostro-carinal basal diameter) were collected randomly at the abundant zone (1.75 m above Chart Datum, C.D.), at the lower limit (1.25 m above C.D.), and at the upper limit (2.25 m above C.D.; SN ¼ 2 exposure shore types 3 3 tidal levels 3 3 sites 3 20 replicates ¼ 360). The bodies of the barnacles were dissected and the lengths of the exopodites of cirri IV, V, and VI on the left side of each barnacle were measured using the calibrated eyepiece of a stereo-microscope.
Variations in the lengths of cirri IV-VI between shore types (factor: exposure), between sites (factor: sites), and between tidal levels (factor: tidal levels) were analysed in a three-way mixed-model ANOVA (factors: exposure, tidal levels, sites (tidal levels 3 exposure) using Win GMAV 5 (developed by A. J. Underwood and M. G. Chapman, The University of Sydney). Exposure and tidal levels are fixed factors, whereas sites are random (Underwood, 1999) . Significant fixed factors were further tested using SNK tests. All data satisfied the assumption of homogeneity of variance (tested using Cochran's C tests), and therefore no transformation was conducted.
RESULTS
There were significant differences in Tetraclita japonica cirral lengths between exposed and semi-exposed shores (Table 1) . Individuals on exposed shores had consistently shorter cirri IV-VI than those at semi-exposed shores ( Fig.  2 ; Table 1 ). This pattern was also consistent at the different shore levels ( Fig. 2; Table 1 ). The length of all three cirri, however, varied between sites within exposed and semiexposed shores ( Fig. 2; Table 1 ). The mean cirral length of T. japonica on semi-exposed shores was ;4% longer than those at exposed shores. The length of cirri IV-VI of T. japonica also increased significantly with higher tidal levels on both exposed and semi-exposed shores ( Fig. 2 ; Table 1 ). Within a site, barnacles on low shore (1.25 m above C.D.) had cirral lengths ;5% shorter than those individuals on high shore (2.25 m above C.D., Fig. 2 ).
DISCUSSION
Tetraclita japonica exhibits phenotypic plasticity in cirral length in response to the degree of wave exposure and tidal levels. Cirral lengths also vary between sites within each shore type. Such intersite variations could be due to differences in the age structure of the barnacles even though they are of similar sizes. The population structure of T. japonica at each site, however, consisted of two cohorts and the size range of each cohort is similar between sites (Chan et al., 2001 ). The longevity of T. japonica in Hong Kong is approximately three years (Chan and Williams, 2004) , and as a result, the age of the barnacles sampled in the present study may be similar. To further investigate age variations between sites, the number of segments of the barnacle cirri need to be taken into account as an indication of barnacle age (see Stubbings, 1975) . In the present study, the cirral length at Shek O is shortest among the three exposed sites. Probably Shek O received the greatest wave exposure (personal observation) and resulted in the greatest cirral response. Future studies can involve transplantation experiments to transplant barnacles between wave-extreme shores and among tidal levels to further ascertain the effect of wave and tidal height on the cirral length of Tetraclita (see Marchinko 2003) .
Wave exposure has been suggested to be an environmental factor affecting the cirral length of barnacles (Marchinko and Palmer, 2003) . Tetraclita japonica has Table 1 . Three-way mixed-model ANOVA on the variations of the length of cirrus VI, cirrus V, and cirrus VI of Tetraclita japonica between shores with different exposures (exposed and semi-exposed), tidal levels (2.25, 1.75, and 1.25 metres above C.D.), and sites nested within exposure and tidal levels. * indicates a significant factor, P-value , 0.05. shorter cirri on exposed shores probably because, as seen in other species, cirri can be erected more easily in high water flow conditions and are unlikely to be bent by strong waves (Marchinko and Palmer, 2003) . On semi-exposed shores, longer cirri will enable the barnacles to have a larger cirral net area for capturing food in the water column. In the present study, the cirral length of T. japonica also varied between tidal levels. The gradient of heat and desiccation stress, the immersion period for feeding and the predation pressure among tidal levels can be additional factors influencing a change in cirral length. Barnacles living high up the shore have a shorter time for feeding and may need longer cirri for enhanced feeding efficiency when immersed. Barnacles lower down the shore will have a higher probability of the cirri being predated by fishes (Barnes, 1999) , which may also result in shorter cirri to minimise such predation. Morphological differences between barnacles along the tidal gradient can also be the result of natural selection. In the Red Sea, selection occurs along the tidal gradient affecting the genotype and morphology of Tetraclita archituv between tidal levels (Appelbaum et al., 2002) .
Similar to Tetraclita japonica, Balanus glandula, Semibalanus cariosus, Chthamalus dalli and Pollicipes polymerus in Canada also showed variations of cirral length in relation to wave exposure (Marchinko and Palmer, 2003) . The proportional difference in cirral length between waveextreme locations occupied by T. japonica is, however, lower than the four Canadian species. In the present study, the proportional difference in cirral length between exposed and semi-exposed shores is only ;4% when compared to 75-80% in B. glandula, 47-68% in C. dalli, 29-37% in S. cariosus, and 7-12% in P. polymerus (Marchinko and Palmer, 2003) . Both T. japonica and P. polymerus have the lowest proportional difference in cirral length between waveextreme locations, which can be related to the type of cirral activity such barnacles perform for feeding. Both Tetraclita and Pollicipes have prolonged extension of their cirral net in the water column to capture food, whilst Balanus spp. often have rhythmic beating of their cirri for feeding (Lewis, 1981; Anderson, 1994; Chan et al., 2001) . As a result, T. japonica and P. polymerus do not have much longer cirri in semiexposed sites, reducing the chances of the cirri being bent by waves and being eaten by fishes (Barnes, 1999) . Barnacles with different types of feeding activities appear to have different degree of cirral response to environmental stimulus.
